Abstract. Porous inorganic nanostructures with colloidal dimensions can be considered as ideal components of electrochemical devices that operate on renewable energy sources. They combine nanoscale properties with good accessibility, high number of active sites, short diffusion distances and good processability. Herein, we review some of the liquid-phase routes that lead to the controlled synthesis of these nanostructures in the form of non-hollow, hollow or yolk-shell configurations. From solar and fuel cells to batteries and supercapacitors, we put special emphasis on showing how these sophisticated structures can enhance the efficiency of electrochemical energy devices.
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Introduction
Movement is essential for human development, and fossil fuels have been in charge of feeding this movement since the industrial revolution. However, both shortage and environmental risks (say for example greenhouse gas emissions) demand for alternative energy sources that in the ideal scenario must approach the landmark of being renewable. An energy source can be considered renewable when comes from resources that are in continuous replenishment on a human timescale.
1 Solar, wind, rain, geothermal heat, tides, or waves are examples of renewable energy sources. Of course, these sources must be complemented with clean and efficient technologies to minimize environmental impact.
Movement implemented by renewable energy sources and clean and efficient processes is, thus, fundamental for a sustainable development (i.e. to provide conditions for long time preservation within the human timescale perception).
From generation to conversion and storage, devices that operate on electrochemical principles are considered a well-established technology for a clean handling of renewable energy sources. 2 Thus, devices in which solar energy is coupled with electrochemical reactions are perhaps the friendliest to generate molecular hydrogen from water splitting. 3 Fuel cells are also considered a well-established technology for a clean conversion of the chemical energy stored in a fuel (hydrogen) into electricity. 4 Clean electricity can also be produced using electrochemical photovoltaic devices such as dye-sensitized solar cells (Gratzel cells). 5 Furthermore, when electricity is produced there is a need to be delivered almost at the rate of its generation. As renewable energies do no meet the criteria of production on demand, storage is needed. Electrochemical devices such as batteries represent nowadays a good alternative to store and deliver electricity on demand. 6 Electrochemical capacitors (supercapacitors) are also electrochemical devices that are gaining interest because of their highly reversible capacity to store/deliver energy in a short period of time. 7 When compared to batteries they have higher power density but lower energy density. Therefore, they are intended to cover a segment between that of traditional capacitors and batteries. 8 Indeed renewable energy sources coupled with electrochemical reactions represent a clean alternative to fossil fuels. Efficiency, however, must be significantly increased to approach fossil fuels performance. Broad consensus exists that inorganic materials with sizes within the nanoscale must be used at some extent in order to increase such efficiency. [8] [9] [10] [11] At the nanoscale the distances are shortened, whereby favoring for example redox reactions in batteries, 12 and charge migration without recombination processes in water splitting applications. 13 Band-gap engineering is also possible at the nanoscale in photoelectrochemical cells as light-absorption processes can be tuned changing size and shape. 14, 15 Furthermore, if inorganic nanomaterials are implemented as porous nanostructures, there is an additional gain in properties associated with better adsorption capabilities and a higher number of active sites. 16 Assembly of inorganic nanomaterials into a specific configuration can also bring additional benefits. For example, multiple expansion/contraction cycles can be accommodated when yolk-shell configurations are used in rechargeable battery electrodes, whereby assuring structural integrity. 17 There is also substantial interest in synthesizing inorganic porous nanostructures within the colloidal size regime (below ∼ 1 µm in at least one direction), mainly because their dynamics is controlled by thermal fluctuations (Brownian systems). 18 Self-assembling capabilities of colloids driven by thermal fluctuations complemented with some external force can generate sophisticated macrostructures at relatively low-cost in terms of simplicity. 19 Porous inorganic nanostructures with colloidal sizes seem therefore adequate for construction of efficient electrochemical devices that operate on renewable energy sources.
Advances in the synthesis of porous inorganic nanostructures are considered a key step in the development of electrochemical devices fed by renewable energy sources. Synthetic routes able to produce these nanostructures with a rigorous control in size, shape and crystallinity are essential for construction of efficient and reliable electrochemical devices. For example, control over defects and nature of exposed facets is of special importance in surface-related processes. 20 As stated above band gaps can be sensitive to minor changes in size and shape.
14 In Li-ion batteries, some systems works better at an intermediate size because a proper balance must be established between electrolyte degradation and Li diffusion. 21 In photoelectrochemical water splitting there is a size below which a semiconductor cannot longer sustain a space charge region (depletion layer). 13 The local electrostatic field within this space charge no longer separates the electron-hole pairs. Therefore, for some systems the best of the efficiencies are reached at an intermediate size. Among different synthetic routes, there is substantial experimental evidence that nowadays liquid-phase routes lead to nanostructures with a better control in size, shape and configuration. 22, 23 All previous arguments point to the importance of reports that deal with the synthesis in liquid-phase of inorganic porous nanostructures with colloidal dimensions and applicability in electrochemical energy devices. This review, thus deals with this topic. The review is organized in three main sections according to topological differences between three selected configurations (hollow, non-hollow and yolk-shell). We understand these configurations clearly show the progress made during the last years in the use of nanostructures to build 4 more efficient electrochemical devices. Each section has a general introduction and several subsections. In each of these subsections, we develop a topic upon what we understand is a solid and illustrative example of the synthesis, and the advantages of using such a synthesis to obtain configurations that improve electrochemical performance. More specifically, we describe how hollow porous nanostructures obtained through different synthesis methods (nanoscale Kirkendall effect, galvanic replacement reactions and hard templates) can be used to produce efficient electro-catalysts for the hydrogen evolution reaction, efficient battery conversion electrodes and better pseudocapacitors. We also describe how non-hollow porous nanostructures synthesized via the polyol and soft-template processes can be used to produce electro-catalysts for methanol electro-oxidation and insertion Li-ion anodes. Finally, we describe how yolk-shell porous nanostructures synthesized via Ostwald ripening and selective core-shell strategies can be used to produce better dye-sensitized solar cells and more stable electro-catalysts.
Inorganic porous nanostructures with hollow interiors and colloidal dimensions
As above-mentioned the general interest in porous nanostructures comes from the good accessibility to their nanobuilding blocks. Specifically, the interest in porous nanostructures with hollow interiors comes from their capabilities to store, to accommodate some volume changes, and to reduce the loading of high cost materials. Following Archer and Lou classification for hollow structures, the synthesis of hollow nanostructures with colloidal sizes can be grouped in conventional hard templating, sacrificial templating, soft-templating and template-free methods. 24 Hard templating basically involves the coating on a template of the active material (as precursor or in its final form) by using some adequate method, and further removal of the template preserving the shell. 25, 26 Sacrificial templating routes (also known as self-templating routes) involve those routes in which the template participates both as the mold and in the reaction. They include conventional and relatively new routes such as the nanoscale Kirkendall effect or galvanic replacement reactions that we better describe below. 27 They can also include etching reactions in which the material of interest is involved in the reaction. An example is the synthesis of polyhedral Cu 2 O nanocages and nanoframes via selective oxidative etching (Fig. 1) . 28 Briefly, polyhedral Cu 2 O nanocrystals were obtained by adding a weakly reducing agent (glucose) to a solution containing a copper citrate complex and polyvinylpyrrolidone. Then, nanocages and nanoframes were obtained by exposing the colloidal suspension to air. Selective oxidation etching via dissolution of the more unstable facets is the mechanism involved in the production of nanocages and nanoframes. Soft-templates methods are perhaps the most versatile, as they can lead to nanostructures with sizes between few nanometers to the upper limit for a colloidal system. They include emulsion droplets, supramolecular micelles, polymer aggregates/vesicles, and gas bubbles.
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Among template-free methods, self-assembling are promising but still there are limited examples because of their inherent difficulty. Spray-pyrolysis is another template-free method that has been around for a long period of time. 30 While size control can be reached using different devices, the permeability of the shell is an issue yet to be solved in order for these routes to be competitive. Combination with other methodologies could solve this issue.
For example, spray-drying techniques using polystyrene spheres as additional templates can lead to monodisperse porous nanostructures with hollow interiors and colloidal sizes. 31 Interesting monodispersity is achieved by using a cyclone connector.
2.1. The hydrogen evolution reaction with Ni 2 P hollow nanostructures synthesized via the nanoscale Kirkendall effect.
Hydrogen, the third most abundant element on Earth's surface, is not available as molecular hydrogen. Therefore, it must be produced from the abundant hydrogen rich compounds through a process that consumes energy. 32 Low-cost, clean and efficient production of molecular hydrogen is thus a key step in order to reach a solid economy based on hydrogen. 33 
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As above-mentioned electrochemically-assisted water splitting is considered one of the friendliest approaches to generate molecular hydrogen. 2 However, slow kinetics reduce the efficiency of this process. Therefore, when hydrogen is produced from the electrochemical reduction of water, there is a need for an electrocatalyst capable of rapidly generate a substantial amount of hydrogen at small overpotentials. 34 Platinum is considered the best metal catalyst but scarcity and high prices demand its replacement by other more abundant and less expensive electrocatalysts. MoS 2 and WS 2 are considered solid alternatives for replacement of platinum as they have high electrocatalytic activity and good stability at acidic medium. 35, 36 Stability at acidic medium is important as the most effective exchange membrane-based electrolysis processes operate at acidic medium (proton exchange membranes).
The use of the nanoscale Kirkendall effect for the formation of hollow colloidal nanostructures was first reported in 2004. 37 The Kirkendall effect (formation of voids in alloys and solders) is the result of differences in diffusivities of the atoms across the interface, and supports the idea that vacancy exchange is involved in atomic diffusion. The The nanoscale Kirkendall effect is usually associated with the need for elevated temperatures to speed up the diffusion of metal ions towards the surface. In Fe, Zn, Cu and Co nanoparticles, however, this effect has been observed at ambient conditions. 39 These results indicate that the nanoscale Kirkendall effect can be operative even under ambient conditions.
The nanoscale Kirkendall effect usually yields high-quality hollow colloidal nanostructures (oxides, sulfides, phosphides, tellurides) in terms of crystallinity, shape and size control with a relatively good efficiency at very small sizes. 24, 27, 40 These favorable capabilities explain the success of this synthetic route (see for example extensive reviews by the Archer, Lu and Yin groups). 24, 27 However, as pointed out by these groups, in some reports the formation mechanism could be explained within the framework of other mechanisms. This is especially true when the reaction takes place under hydrothermal conditions in which Ostwald ripening processes are active.
In a solid work recently reported by the groups of Lewis and Schaak, faceted Ni 2 P hollow nanostructures synthesized via the Kirkendall effect have been used as catalysts for the hydrogen evolution reaction. 41 Based on similarities between Ni 2 P and MoS 2 and density functional theory calculations, these authors suggest that Ni 2 P nanostructures with (001) exposed surfaces should be adequate to catalyze the hydrogen evolution reaction. To confirm their hypothesis, they synthesized faceted Ni 2 P hollow nanostructures with (001) exposed surfaces, via the Kirkendall effect ( Fig. 2) . Specifically, these nanostructures were obtained from the reaction of Ni nanoparticles with the phosphorous generated via the decomposition of TOP (trioctylphospine). After deposition on titanium foil and further thermal treatment to eliminate surfactants, they checked the capabilities of Ni 2 P for catalyzing the hydrogen evolution reaction as well as its stability in acid media. Polarization curves were registered for Ni 2 P nanostructures deposited on titanium foil, and values were compared with Pt nanoparticles, glassy carbon and the bare titanium foil ( 
Conversion reaction Li-ion electrodes based on ferrite hollow nanoboxes (nanocages) synthesized via galvanic replacement reactions.
The use of conversion reaction electrodes for batteries dates back to the earliest 1980s, where several authors showed the capabilities of metallic Li to reduce some transition-metal oxides and sulfides to the metallic state. 42 Poor reversibility at room temperature as in contrast to the then emerging Li intercalation technology, almost stopped the research in these electrodes despite their inherent higher capacity. For example, the theoretical specific capacity for a conversion reaction involving the environmental friendly and earth abundant α-Fe 2 O 3 (hematite) is 1010 mAh g -1 . 43 Renewed interest in this field arose after Tarascon and coworkers showed in the year 2000 that reversibility was possible in conversion reactions involving transition-metal oxide nanoparticles. 12 The reversibility was explained in terms of the high contact area between the resulting metallic nanoparticles and Li 2 O phases. This high contact allows the decomposition of the Li 2 O (otherwise electrochemically inactive) when a reverse polarization is applied. Though progress has been made during the last decade, issues such as Coulombic inefficiency in the first cycle combined with large-voltage hysteresis and the strong structural changes during the charge/discharge processes yet need to be solved. 42 Galvanic replacement is a relatively simple self-sacrificial template redox process between a metallic template and ions of a metal having higher reduction potentials. 44 The replacement, thus, involves a continuous oxidation and dissolution of the template, and the deposition of the second metal onto the surface of the template. This method was introduced by Xia group to prepare Au, Pt and Pd hollow nanostructures from Ag nanocrystals. 45 The nanocages with different Mn/Fe composition. These hollow nanocages were used as conversion electrodes in Li batteries after appropriate coating with carbon and thermal treatment. Carbon is routinely used in Li-ion electrodes to improve reversibility. 47, 48 These nanocages in principle can better accommodate the large differences in structure between the charge and discharge phases in conversion reactions, and so along with their high contact surface area, are expected to generate anodes with high specific capacity and good cyclability. Indeed, batteries built upon a conventional arrangement can deliver high specific capacities (close to 1000 mAh g -1 ) at a rate of 100 mA g -1 for at least 50 cycles. 46 These values compare reasonably well with those obtained for the best conversion reaction electrodes. 42 Furthermore, nanocages are an ideal geometry to generate densely packed macrostructures (packing of cubes). Therefore, if the free volume of these nanocages were optimized down to the value needed to accommodate charge/discharge volume changes, they could be used to build electrodes with good mechanical stability and relatively good volumetric specific capacity. The rigorous control reached by the galvanic replacement reactions seems a good starting point to optimize that free volume. 
Pseudocapacitors based on MnO 2 hollow nanostructures synthesized via hard templating routes.
As above-mentioned electrochemical capacitors (supercapacitors) are electrochemical devices that are gaining interest because of their capacity to store/deliver energy in a short period of time. While in traditional capacitors a dielectric spacer separates two metals and charge is stored through polarization, in supercapacitors two electrodes are separated by an electrolyte and charge is stored on both electrodes. 49 Supercapacitors can store energy in the electrical double layer formed at the electrode/electrolyte interface (double-layer capacitors) or in the form of faraday reactions that take place on surfaces or close to surfaces (pseudocapacitors). 50 As surface processes are involved in charge accumulation both porosity and nanostructures are considered to be essential in any substantial improvement in efficiency at real scale. Synthesis of porous nanostructures and fundamental studies on the charge development are thus topics of interest in supercapacitors.
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The interest in supercapacitors arises from its high power density when compared to batteries. Besides, these devices can operate on the basis of long lifecycles, because the highly reversible charge storage does not involve the changes in volume and structure usually observed in secondary batteries. 54 Specifically, pseudocapacitors when compared to doublelayer capacitors hold the promise of achieving higher specific energy while still retaining a high power density. There is substantial evidence coming from thin films studies that high exposed surface area and good electronic contact are essential for reaching high capacitance values. 59 Therefore, a first step to improve the capacity of MnO 2 electrodes not assembled as thin films (large scale operating devices), is to synthesize nanostructures with high exposed surface area (say for example porous nanostructures with hollow interiors). As stated above hard templating methodologies can be used to prepare porous nanostructures with hollow interiors. They basically involve the coating on a solid template of the active material (as precursor or in its final form) by using some adequate method, and further removal of the solid core preserving the shell. (Fig.4) . Electrodes built upon a conventional configuration show ideal capacity behavior with specific values of 300 F g -1 (Fig.4 ). This value is higher than the typical values measured for other porous configurations (∼200 F g -1 ), 64 and comparable to those recently reported for similar non-doped and carbon-doped MnO 2 configurations. 65 Besides, the nanostructures show significantly good cycling stability in a neutral electrolyte (Fig. 4) . These results, thus, show that hollow porous nanostructures are indeed promising for achieving better performances. Engineering nanostructures with a higher yet accessible material loading and good electronic contact could be a path to reach this goal. 
Non-hollow porous nanostructures with colloidal dimensions
A useful strategy to improve the volumetric energy and reactivity of electrochemical energy devices is to dispose of a highly accessible non-hollow porous configuration (high density of active sites). Non-hollow nanostructures with colloidal sizes can be prepared using some of the synthesis routes mentioned for hollow configurations. For example, nanocasting techniques, pioneered by the Ryoo group, 66 have been routinely used for the last 15 years (Fig. 5) . [67] [68] [69] Soft-templating strategies are also the most versatile, because as stated above for the hollow configurations, they lead to nanostructures with a size from few nanometers to the upper limit for a colloidal system. Hydrothermal processes are routinely used to produce nonhollow porous nanostructures. 70 Ionic liquids can also be used to obtain uniform porous nanostructures at room temperature without using soft-or hard templates. 71 Combination of different methodologies is again a suitable route to produce this configuration. For example, spray-pyrolysis using sucrose as a sacrificial template can be used to produce non-hollow porous nanostructures of different materials. 72, 73 Precursors and templates with different surface charge can be used to produce porous nanostructures by spray-drying. 
Methanol electro-oxidation with Pt-Cu nanodendrites synthesized via the polyol process.
Direct methanol fuel cells are a subclass of proton-exchange membrane fuel cells in which the fuel is liquid methanol. 74 These electrochemical devices are considered an alternative technology for energy supply in mobile devices because the fuel is a liquid and highly compact cells can be built. In these fuel cells, the anode reaction involves the oxidation of methanol to generate electrons that move through the external circuit, protons and CO 2 . The protons are transported through the membrane to the cathode, where they react with the O 2 and the electrons re-entering the cell through the external circuit. The product of this reaction is water. The overall reaction, thus, consists on the oxidation of methanol to generate CO 2 and H 2 O. However, the methanol electro-oxidation to CO 2 , which involves six electrons, is a slow process. 74 Specifically, for Pt electrodes the oxidation of adsorbed CO species is slow, and so it can be considered the rate-determining step. Pt must be alloyed with a CO-tolerant metal catalyst to enhance the efficiency for methanol oxidation. 75 There are a substantial number of Pt alloys that have been reported to achieve good electrocatalyst activity. 76 Electrocatalytic activity along with issues such as long term operating stability and Pt loading (0.2 mg cm -2 is the DOE target for 2015) 77 are essential to select the proper material.
The polyol process was introduced in 1989 by Fievet and co-workers as a simple solutionbased method to prepare metallic particles (Ni, Co, Cu and Ag). 78 In this method a metallic precursor is solubilized/dispersed in a polyalcohol that acts both as reducing agent and solvent. The solution/suspension is stirred and heated to a temperature (the limit is the boiling point of the solvent) at which either metallic nanoparticles or intermediate oxides are formed depending on the extension of the reduction process. 79 Several polyols with different boiling points and reducing capabilities can be used in function of the material of interest. The success of this methodology mainly lays in the nature of the precursors used to produce the nanoparticles (inexpensive and easy to manipulate precursors such as hydroxides and inorganic salts).
As the abundant Cu is a relatively good catalyst for CO oxidation, Pt-Cu nanostructures seem to be an adequate alternative for efficient electrocatalysis. In fact, reports on Pt-Cu nanocubes, nanocages and nanorods show promising results at least in electrocatalytic activity. 80 Recently, a modified polyol process has been used for the synthesis of Pt-Cu nanodendrites. These nanostructures combine good accessibility with a high number of active sites and step-surface atoms (Fig.6) . 81 Pt-Cu nanodendrites were synthesized through a two- The electrocatalytic activity for methanol oxidation of the Pt-Cu nanodendrites supported on a glassy carbon substrate (Pt loading of only 0.03 mg cm -2 ) was checked in 1M CH 3 OH/0.1M HClO 4 solutions. The authors show that the current density at 0.9 V of the Pt-Cu nanodendrites is higher than that of Pt-Cu nanoparticles and Pt/C catalysts (Fig 6) . However, stability studies show a continuous degradation in the catalytic performance of Pt-Cu nanostructures (Fig. 6) , which is unequivocally associated with the dissolution of Cu. As dealloying under cell operating conditions is a general concern in Pt-based alloys, 82 it seems that in Pt-Cu nanodendrites new strategies aim to protect the alloy from dissolution while still preserving good electrocatalytic activity must be pursued. A graphitized carbon coating seems a good strategy for a better alloy protection. 
Insertion Li-ion anodes built upon TiO 2 porous mesocrystals synthesized via softtemplates.
TiO 2 similar to other transition-metal oxide semiconductors is considered an archetype of multifunctionality. 84 Being abundant, low cost, chemically stable and environmentally safe, it can be argued that TiO 2 along with iron oxides must be always considered as possible alternatives when commercial devices based on transition-metal oxides are fabricated. The introduction of TiO 2 as a commercial product dates back to the early 20 th century, firstly as pigment and then with the use in sunscreens and toothpastes among others.
Photoelectrochemical water splitting (1970s) 85 and dye-sensitized solar cells (1990s) 5 have renewed the interest in TiO 2 , with new functionalities still being proposed at present. For example, TiO 2 has been used recently in efficient memristive switches (memory resistive devices that combine the electrical properties of a memory element and a resistor). 86 Abundance, low cost, safety and chemical compatibility with the electrolyte are also the reasons for developing Li-ion batteries anodes based on titanium oxide (including lithium titanate spinels and various TiO 2 polymorphs). These intercalation anodes with a specific capacity around 200 mAh g -1 operate at a relatively high voltage (∼1.5V vs. Li/Li + ). Though less favorable than graphite in terms of energy density, these electrodes are safer because graphite operates at a voltage close to the Li electroplating potential (∼0.1 V vs Li/Li + ). 87 Thus, TiO 2 -based anodes can be a good alternative to graphite for applications in which high energy density is not required. However, performance at high rates of TiO 2 -based anodes in general and more specifically of TiO 2 anatase anodes is poor. Any solid development in this figure-of-merit, thus, requires configurations in which a high number of contacts can be established. 88 Porous nanostructures with good crystallinity, accessibility and colloidal sizes below 100 nm can be promising configurations.
From oil-in-water emulsions to water-in-oil microemulsions and even spray-drying methods, the versatility of soft-template methods to produce a broad variety of porous structures has been proved in numerous reports. [89] [90] [91] [92] Soft-template methods, thus, represents a viable alternative to produce porous nanostructures with good crystallinity, accessibility and colloidal sizes below 100 nm. Our group has recently established that conditions exist, at which the thermal destabilization of inverse microemulsions can take place through the formation of uniform self-assembled nanomicellar nanostructures with sizes below 100 nm.
These soft nanostructures can act as templates for the formation of porous amorphous nanostructures. 93, 94 By combining this methodology with seeded assisted chemistry, we have been able to prepare a variety of porous TiO 2 anatase mesocrystals with overall sizes below 100 nm and controlled porosity (Fig. 7) . 95, 96 These unique nanostructures can reach capacities of around 300 mAh g -1 , a value which is similar to the highest reported values. 97 Besides, these nanostructures are excellent models to check for factors that rule the electrochemical response of anodes based on anatase (Fig. 7 ). . A25C4P2 represents a nanostructure with an average size of 25 nanometers assembled from anatase nanocrystals of 4 nm and pores of 2 nm. In A25C7P5 the average size is also 25 nm but the nanocrystals and pores have sizes of 7 and 5 nm, respectively. In A60C6P2 and A60C13P7 the average sizes are 60 nm and the nanocrystal and pores sizes are 6 nm, 2nm and 13 nm, 7 nm, respectively. As better described in ref. 96 , the best performance at high rate is obtained for the smallest nanostructure having the better accessibility (A25C7P5). Reproduced with permission from ref. 96 , Copyright (2011) by Wiley-VCH.
Yolk-shell configurations with colloidal dimensions: Beyond hollow nanostructures
In a yolk-shell (also known as rattle-type) nanostructure, an active core is located inside the cavity of a hollow nanostructure leaving some free volume with the shell. Protection, thus, is an advantage when compared to hollow and non-hollow arrangements. Of course, the shell must have sufficient permeability to allow diffusion of reactants inside the cavity in order to reach the active core. When compared to hollow nanostructures the possibility to reach higher active material loadings is also an additional advantage of the yolk-shell configuration.
However, the possibility to accommodate volume changes during operation is perhaps the fingerprint of this particular configuration. This capability is of special interest for batteries in which redox processes involve extensive volume changes. For example, Li-Si alloys are promising anodes in order to replace graphite in Li-ion batteries because they can reach a theoretical charge capacity of 4500 mAh g -1 . However, there is a need to accommodate volume changes of 400%. Si nanowires are so far the best configuration to accommodate such large volume changes. 98 Recently yolk-shell configurations have been introduced as a possible alternative. 17 Broadly speaking the methodologies used to prepare these structures are based on the same concepts above-stated for the other nanostructures. Here, however, the development of the yolk-shell configuration involves different strategies. 83, 99 Infiltration of hollow configurations to synthesize the active core inside the cavity is one of the strategies. 100 Other strategies are In a photoelectrochemical cell, photons absorbed by a semiconductor can create electron-hole pairs that can be used either for water splitting or generation of electricity. 102 In a photosynthetic cell, the holes are involved in the oxygen formation in one electrode and electrons are involved in the hydrogen formation in the counter-electrode. These devices thus can be used to produce molecular hydrogen from water. 103, 104 The electron-hole pairs can also be used to convert sunlight into electricity. Specifically, in a typical regenerative cell the negative charge carriers move to the external circuit through the semiconductor first and current collector secondly, while the positive holes are involved in the oxidation of a redox system dissolved in the electrolyte. The electrons re-entering the cell regenerate the redox system. To avoid photocorrosion while still preserving good efficiency for absorption of visible light, the Gratzel group introduced in 1991 the concept of the dye-sensitized solar cell. 5 In this device, the injection of charge carriers into stable semiconductors is achieved via visible-light photoexcitation of a dye. 108 This effect has been also used in the preparation of Au@TiO 2 yolk-shell nanostructures. 109 The authors started from an Au@TiO 2 core-shell configuration.
Ostwald ripening of TiO 2 component under hydrothermal conditions (180 °C) generated the yolk-shell configuration with adequate permeability in the shell. Variations of this methodology (ethanol is introduced as a co-solvent) have led to a better control in the formation of these unique nanostructures (Fig. 8) . 110 We have already mentioned in other sections of this review the interest in using electrocatalysts for the hydrogen evolution reaction and for methanol oxidation. This interest can also be extended to the oxygen evolution reaction. 34 In any of these processes stability of the electro-catalysts is crucial for preserving the activity under operational conditions. For example, the activity of Pt or Pt-alloy nanoparticles deposited on a fuel cell cathode can be reduced by either physical processes (detachment, coalescence) or chemical processes (Ostwald ripening, dissolution or carbon support corrosion). 111 Developing configurations able to slow down these processes are thus essential for increasing the efficiency. Yolk-shell configurations seem a good starting point in order to fulfill this goal.
Schuth and Mayrhofer groups have recently reported an example in which yolk-shell nanostructures are prepared and then electrochemically tested against degradation. 83 This work is especially illustrative as the synthesis and the application can be described simultaneously. The authors prepared among others AuPt@C yolk-shell porous nanostructures. In these nanostructures, the carbon shell assures good conductivity and avoids the active core to suffer from coalescence or detachment. Furthermore, Ostwald ripening processes are expected to slow down because the cores are relatively monodisperse. Core dissolution is expected also to slow down because high concentrations are easier to reach in the small volume in which the metal cores lay. Finally, graphitization of the nanostructures should assure better stability of the carbon shell against degradation. For the synthesis of these nanostructures the authors used the above-mentioned core-shell strategy. AuPt monodisperse colloidal solutions were firstly coated with silica and then with a combination of silica and a porogen. After heating to remove the porogen, the remaining porosity was impregnated with a carbon precursor that after a new heating protocol generated a porous carbon shell. Further treatment with NaOH removes the silica and produces a permeable yolk-shell configuration (Fig.9) . Graphitization of the AuPt@C is carried out by impregnation of iron (III) nitrate followed by drying and further impregnation of the carbon precursor. To test the stability of these nanostructures against degradation the authors run a series of standard and long-term stability electrochemical tests in 0.1M HClO 4 solutions and find no indication of degradation during 30000 cycles. 
Perspectives and summary.
Nanoengineering at particle level can lead to even more sophisticated nanostructures to those presented in this review. Multiple quadruple-shelled hollow nanostructures can be generated by using double-shelled hollow spheres, which themselves are prepared either by partial removing of the solid core or by using single-shell hollow spheres as templates. 29 Reversebumpy-ball nanostructures (nanosized active materials adsorbed on the inner surface of a hollow nanostructure) can be synthesized through a multiple-step process. This process involves the use of a solid template followed by coating with seeds and a shell protecting layer, removal of the solid core and finally growth of the seeds. 112 These hard templating methods, however, are problematic when nanostructures below about 100 nm are needed, and besides they require rigorous manipulation extended through several steps. These problems could be diminished in some alloys by combining galvanic replacement reactions with the Kirkendall effect. By using these two methods, we can have access to a variety of complex nanostructures with different size, shape and topology. 113 Scalability, however, remains a fundamental problem to solve in order for these sophisticated nanostructures to reach the production line. Nucleation and growth are very sensitive, and scaling up processes usually lead to different configurations to those obtained under controlled lab conditions. 114 Advances in DFT (density functional theory) calculations have made possible to simulate growth processes, and so could help to solve the scalability problem. 79 Perhaps finding the right balance between sophistication, control and scalability is the best way to proceed. 115 Post synthesis routes that aim to control size via some physical principle such as centrifugation or size-exclusion chromatography also represent a good complementary tool to solve the scalability problem.
Ultimately, the landmark in the synthesis of nanostructures must be the fabrication of a device with a precise design. As mentioned in the Introduction section one of the fingerprints of colloids is their self-assembling capabilities. As devices (say for example electrodes) need to be built in order for the colloids to be functional, merely taking the colloidal nanostructure and build devices upon conventional arrangements seems to lead to a lost of efficiency. There is, thus, a need to master some of the principles that rule colloids self-assembling. The improvement in light harvesting efficiency for dye-sensitized solar cells when using photonic crystals as scattering layers, is perhaps a highly illustrative example on the importance of assembling. 116, 117 While much work has been done in self-assembling with spherical colloids, less attention has been paid to other geometries. Throughout this review, we have shown that a variety of polyhedral nanostructures can be routinely fabricated. Mastering the assembly of polyhedral nanostructures is thus of interest. However, this is an even more difficult task as reduced symmetries introduce new variables. 18 Of course, richness makes these objects more interesting as self-assembling capabilities extend well beyond those of spheres (more sophisticated nanostructures can be built). In an illustrative example recently reported, different polyhedral nanocrystals have been assembled into non-closed packed structures in solution, by taking advantage of directional entropic forces induced by depletion interactions. 118 Alignment along their flat facets maximizes entropy, and confirms some previous theoretical work on the subject. 119 To summarize throughout this review we have been able to demonstrate how solution techniques can produce a variety of porous nanostructures. By describing several examples we have been able to show how these nanostructures could be used as active components for more efficient electrochemical devices that operate on renewable energy sources. Yet there are some issues to solve and there is some progress to make in order for these nanostructures to reach the main market.
